Abstract. This study was conducted to evaluate the effects of roof thermal insulation on the indoor thermal environment of an existing enclosed giant freshwater prawn hatchery in relation to human thermal comfort and the thermal requirement for optimal larval growth. A typical medium scaled enclosed hatchery in Ipoh, Malaysia was chosen for this study. Thermal performances of five thermal insulation materials installed on the roof of the building were studied using Integrated Environmental Solutions (IES) Virtual Environment software. Results showed no significant differences for indoor air temperatures reduction among the insulation materials. However, the installation of roof insulation gave a cooler indoor thermal environment and provided a suitable water temperature/ improved water thermal condition for the prawn larviculture. The study also suggested the aluminium foil was the best insulation for the partially transparent roof of the building.
Introduction
Insulation material has played a major role to reduce the energy consumption in buildings by making the buildings more thermally efficient and comfortable which in turn reduces the demand on energy. Numerous studies have been conducted on the performance of insulations in building [1] . However, no study has been conducted on the suitability of thermal insulation for indoor thermal comfort in passive farm buildings in hot and humid climate.
There are many different forms of insulation materials such as mineral fiber blankets, rigid board, foamed or sprayed in-place, insulated concrete blocks and reflective materials. However, it is important to use the correct insulation materials based on the climate of regions [2] .
For buildings in temperate and cool regions, the insulations act as thermal barriers so that the indoor heat will not escape drastically to the outer environment. In contrast, the thermal insulations could block the outdoor heat from entering the building during summer or for the hot and humid tropical regions. This characteristic shows that the insulation material could sustain heat for a long period in enclosure especially at night. Al-Homoud [3] stresses on giving more attention to roof insulation concerning its high contribution to indoor heat gain as compared to walls.
To date, very few thermal comfort related to insulation studies have been conducted on farm buildings [4, 5] . Farm buildings are mostly cooled by natural ventilation; hence, insulation can play a positive role to reduce heat gain in the building while maintaining the acceptable thermal condition during production period which also includes prawn larviculture hatchery for the aquaculture industry.
The hatchery indoor thermal conditions can also influence the water temperature in aquaculture water tanks. The common proportional relationship between air temperature versus water temperature states that the increase of temperature in one body could affect the other [6] . There is a transfer of warmth or cold to one body by the other. In spite of this, a controlled air temperature could effectively maintain the water temperature to the desired level. This condition could be realized in an enclosed compartments or buildings where the flow of air could be monitored [7] .
This study was conducted to evaluate the effect of thermal insulations for the indoor thermal environment of an existing enclosed medium-scale giant freshwater prawn hatchery in relation to human thermal comfort and the thermal requirement for optimal larval growth.
Methodology
Thermal comfort simulation. The thermal conditions in the building were studied using Integrated Environmental Solutions (IES) Virtual Environment version 5.6 [8] simulation software. The simulation was conducted on a 24.4 m x 24.4 m giant freshwater prawn hatchery model (Fig. 1) . This building was constructed using materials as shown in Table 1 Roofing insulation materials simulation. The simulation study was operated on different roofing insulation materials. The insulations were placed under the opaque roof (lightweight metallic cladding) of hatchery building by specific arrangement accordingly. The insulation materials selected were aluminium foil, polyurethane board, glass fibre quilt, polystyrene and glasswool, with a thickness of 0.05 m each except for the aluminium foil having a thickness of 0.0002 m. Table 2 shows the properties of selected insulation materials used for this study. The roof angle remains original (11.35°). 
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The warmest and coolest months which were March and December, respectively were chosen for the simulation to show the thermal effect of the building during the extreme climatic condition. Each of insulation was inserted under the metallic cladding roof for thermal simulation according to the construction arrangement shown in Table 3 . Fig. 2 shows the daily average indoor air temperature of hatchery during warmest and coolest months and annual overall. Daily average indoor air temperature under the original uninsulated roof during the warmest and coolest months ranged 24.6 °C -40.6 °C and 24.1 °C -36.6 ºC, respectively. The use of insulations narrowed the daily average indoor air temperature range (hottest month: 24.4 °C -39.2 °C; coolest month 24.0 °C -36.0 °C), lowered the hottest temperature and delayed the time when the hottest indoor temperature was reached. These effects were clearly demonstrated in the annual daily average (uninsulated: 23.2 °C -37.9 °C, insulated: 24.3 °C -37.3 °C, hottest time delay: 1 h). The thermal conditions under insulated roofs were far better than that under the original uninsulated roof. The roof insulated with reflective aluminum foil gave the best performance although no significant differences were seen among the insulated roof. This thermal pattern can be evaluated by analyze the thermal condition experienced by occupant during working hours (0700 to 1900h) and whole day (24 hours) (Fig. 3) . During warmest month, the first working hours (0700h-1000h) showed the indoor air temperatures exceed the lower human acceptable thermal limit (24.0 °C) for all treatments. The temperatures then increased until it reach the upper comfort limit (30.7 °C) at 1000h for non-insulated roof, whereas roof insulated with aluminum foil and glasswool reach the limit at 1045h. Other insulations reach the upper human thermal comfort limit at 1030h. The temperatures continued to incline and remained above the upper comfort limit until the end of working hours (1900h).
Results

Indoor air temperatures.
This indicated that the occupants only experience the thermal comfort inside the hatchery building for three hours without roofing insulation, 3 ¾ hours under insulated roof with aluminum foil and glasswool, and 3 ½ hours for the other roofing insulation materials. The acceptable working hours thermal condition (24 to 34 °C) showed the ranges were increased from 4 ½ to 5 ½ hours. Nevertheless, the acceptable indoor thermal condition for a day (24 hours) showed wider temperature range was evaluated. The occupant was within the indoor thermal acceptable condition for 16 ¼ hours under original roof (without insulation). The comfort ranges, however, was increased under insulated roof which showed longer comfortable condition was sustained between 16 ½ and 17 ¼ hours. The shortest and longest conditions were recorded under polystyrene and reflective aluminum foil, respectively. 
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The same pattern occurs for average indoor human thermal comfort in coolest month where the indoor air temperatures for all treatments exceed the lower comfort limit at early working hours. The temperatures then increased surpass the upper human comfort limit at 1030h for non-insulated roof, 1130h for roofs insulated with reflective aluminum foil and glasswool, and 1115h with other insulation materials. The indoor air temperature remained above the upper comfort limit until the end of working hours. This shows that the thermally comfortable condition experienced by occupant during working session is only between 3 ½ and 4 ¼ hours. These thermal ranges were wider for the acceptable thermal conditions which were in between 7 ¼ and 8 ¾ hours. Longer comfort time could be sustained in acceptable thermal range for a whole day where the un-insulated roof recorded 19 hours accepted thermal condition followed by insulated roof in between 19 ¼ and 20 hours. Reflective aluminum foil still gained the longest acceptable condition which was 20 hours.
For the annual indoor thermal condition, the roof without insulation reached the optimal comfort limit earlier (1915h) than insulation treatments (2030h) as all temperatures were continuously decreased initially at 1545h. The temperatures reached the lowest peak of the daily average data at 0645h to 0715h at the temperatures between 23.2 and 24.7 °C. The evaluation of thermal comfort during working hours showed the occupant experienced distinct comfort level ranged between 1 ½ and 2 ¼ hours under different roofing insulation materials, as compared to the un-insulated roof and ranged between 2 ¾ and 6 ½ hours for the acceptable condition. Longer thermal comfort resulted under wider acceptable comfort range which showed all treatments maintained the comfort level from 17 ¼ to 18 ¾ hours out of 24 hours. The annual average showed that the water temperature under insulated roofs increased at a slower rate and peaked 1 h later when compared to that under the uninsulated roof. However, the average hour when the temperature was within the optimal requirement for prawn larvae shortened under the insulated roofs although the differences were not obvious during the warmest and coolest months.
Discussion
A significant reduction in the daytime indoor air temperature of the prawn hatchery was achieved when insulation materials were installed to the original (uninsulated) roof. This was very obvious during the warmer months. During the evenings, the insulated roofs maintained a higher indoor temperature than the original roof. This study showed that the roof insulation managed to improve the indoor thermal conditions of the hatchery. Nevertheless, there were no significant differences in the performance among the selected roofing insulations.
The suitability of insulation to reduce indoor air temperature has been studied by researchers [9] [10] [11] [12] . Ong [10] studied the effects of selected roofing materials, insulation and the placement of the insulation on the temperature of a tropical building attic using laboratory sized units of passive roof. He reported that the installation of insulation under the roof significantly reduces the attic temperature compared to bare roof or if the insulation is installed just above the ceiling. A cooler attic temperature can be achieved if the insulation is installed 50 mm below the roof. The insulation materials were placed 25 mm below the roof in the current study. 
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Jayasinghe et al. [13] had examined the effects of roof orientation, insulation materials and roof surface colour on the building thermal comfort in warm humid climates. The simulation based results indicated the insulation incorporated under the roof can significantly enhance the thermal performance of the building and suggested the aluminium foil as the best roofing insulation for building in warm humid climate. The present study showed that the aluminium foil provided longer thermal comfort hours than other tested materials although the foil performed equally as other tested insulation materials in reducing the indoor air temperature.
The mechanism of the thermal insulation depends totally on the structure of the insulation material itself [14] . Generally, the thermal insulations are constructed to retard the flow of heat from a higher temperature space to other cooler side. Most of insulations depend upon the very small pockets or bubbles in the materials containing gas or air which should be sufficiently caused the resistance of air flow so that only little heat is transferred from one side of the cell to the other. The effectiveness of the insulation, however, depends on the thickness of the materials [15] .
Reflective insulation (radiant barrier) consists of low emittance and absorptance (good reflector) of sheet material that resists heat transfer by radiation. The orientation of the air space and the direction of heat flow are important for convective heat flow by the material. Reflective insulation performs best when the reflective surface receives the radiation incidence at the right angle (perpendicular to the surface).Therefore, it perfectly works in hot climate buildings if place just underneath the roof to reduce radiant heat from the sun [3] .
The effectiveness of reflective insulation for roofing thermal insulation have been studies by several workers [3, 13, 16] . Soubdhan et al. [12] concluded that the radiant barrier is the best insulation material to be used under tropical humid climate especially with ventilated air space gap compared to the traditional insulation materials made of mineral wools and polystyrene. The heat flux reduction (conductive and radiative heat transfers) is better with a radiant barrier (33 to 37 %), followed by fiber glass (73 to 84 %) and polystyrene (78 to 88 %).The radiative heat flux is also higher for radiant barrier than the conductive one under whatever the roof absorptivity value. The reduction in heat transfer produced by radiant barriers will decrease as the insulation resistance increases [17] .
Although a significant reduction in the hatchery indoor temperature was achieved with the installation of insulation, the reduction was still far from the acceptable upper thermal limit (34 °C) by human in tropical regions [18] . The water temperature in the present study was successfully maintained at the optimal prawn larval growth condition (28 -30 °C) which was in agreement with the suggestion by Tayamen [19] . Moreover, [20] suggested that the best prawn growth rates occurred at the temperature of 28 °C. The water temperature below 24 °C or above 34 °C will decrease growth rate or may cause massive mortality [19, 21] .
Conclusion
Surrounding climate, costs and applicability should be considered before in selecting insulation materials. A reflective insulation seemed to be the best suitable insulation a tropical enclosed prawn hatchery to suit the hot humid climate. A further study should be done to further improve indoor thermal condition of the hatchery to meet human thermal comfort and at the same time maintain prawn culture thermal requirements.
